Apoptosis signal-regulating kinases (ASK1-3) are apical kinases of the p38 and JNK MAP kinase pathways. They are activated by diverse stress stimuli, including reactive oxygen species, cytokines, and osmotic stress; however, a molecular understanding of how ASK proteins are controlled remains obscure. Here, we report a biochemical analysis of the ASK1 kinase domain in conjunction with its N-terminal thioredoxin-binding domain, along with a central regulatory region that links the two. We show that in solution the central regulatory region mediates a compact arrangement of the kinase and thioredoxin-binding domains and the central regulatory region actively primes MKK6, a key ASK1 substrate, for phosphorylation. The crystal structure of the central regulatory region reveals an unusually compact tetratricopeptide repeat (TPR) region capped by a cryptic pleckstrin homology domain. Biochemical assays show that both a conserved surface on the pleckstrin homology domain and an intact TPR region are required for ASK1 activity. We propose a model in which the central regulatory region promotes ASK1 activity via its pleckstrin homology domain but also facilitates ASK1 autoinhibition by bringing the thioredoxin-binding and kinase domains into close proximity. Such an architecture provides a mechanism for control of ASK-type kinases by diverse activators and inhibitors and demonstrates an unexpected level of autoregulatory scaffolding in mammalian stress-activated MAP kinase signaling.
M
itogen-activated protein (MAP) kinase cascades transmit signals from membrane-associated receptors to intracellular targets to effect changes in cellular behavior. They form a hierarchical system in which activated upstream kinases (MAP3Ks) phosphorylate intermediate MAP kinase kinases (MAP2Ks), which in turn phosphorylate terminal MAP kinases, primarily ERK, p38, and JNK and their isoforms (1) . Extensive studies have focused on the activation of RAS-RAF-MEK upstream in the ERK pathway and provided fertile ground for the discovery of new therapeutics (2) . In contrast to the ERK pathway, which primarily promotes cellular proliferation, JNK and p38 phosphorylate a range of substrates to promote inflammation and cell death (1, 3) . In addition, cross-regulation among the p38, JNK, and ERK pathways is important for the efficacy of various cancer therapies that are in use or in development (4, 5) . Molecular details on the more diverse upstream regulation of the p38 and JNK pathways are currently less clear, however.
Apoptosis signal-regulating kinases (ASK1-3) are MAP3Ks that trigger cellular responses to redox stress and inflammatory cytokines (6, 7) and play vital roles in innate immunity and viral infection (8) (9) (10) (11) . When activated, ASK1-3 activate JNK and p38 via phosphorylation of MAP2Ks (MKK3/4/6/7) (12) . The key initiator role of ASK1-3 in this pathway means that either too much or too little ASK activity can have pathological effects. For instance, inhibiting ASK1 is beneficial against gastric cancer (13, 14) , but inactivating mutations in ASK1 contribute to the development of melanoma (15, 16) . In addition, ASK1 inhibitors have shown promise for treatment in mouse models of amyotrophic lateral sclerosis, highlighting it as a critical factor modulating cellular survival (17) .
Initiator signaling kinases such as MAP3Ks are often regulated by oligomerization and regulatory domains, rather than solely by phosphorylation (18, 19) . This is especially true of ASK1-3, which share a conserved architecture in which the central kinase domain is flanked on either side by additional domains, and multimeric association appears to be crucial to the activity of these domains (Fig.  1A) . The active signaling form of ASK1 in cells is thought to be an oligomer often referred to as the "ASK signalosome," which also contains ASK2 and ASK3 (20) (21) (22) . To the N terminus of the kinase domain lie several regions with regulatory roles but poorly understood structures. Separate regions have been proposed to bind to thioredoxin and TNF receptor-associated factors (TRAFs) (6, 7, 19, 23) , which regulate the response of ASK1 to cytokines (Fig. 1A) . The N-terminal region of ASK1 also has been implicated in binding CIB1 to detect Ca 2+ -based stress signaling, and in binding Fbxo21 to trigger innate antiviral signaling, among other proteinprotein interactions (24) (25) (26) . The region C terminal to the kinase is less well studied, but contains a 14-3-3 protein-binding site housed within a predicted disordered sequence (27, 28) , followed by a region proposed to promote constitutive oligomerization of ASK1 (26) . This C-terminal oligomerization region of ASK1 also has the capacity to directly bind to HIV Vif-1 and promote the innate antiviral response by APOBEC3G (8) .
The prevailing model of ASK1 regulation is that constitutive oligomerization through the C terminus works in partnership with transient protein-protein interactions mediated by regions N terminal to the kinase domain. Regulatory factors, such as thioredoxin, associate with the N-terminal thioredoxin-binding domain Significance Phosphorylation catalyzed by protein kinases governs many aspects of cellular behavior. Apoptosis signal-regulating kinases (ASK1-3) trigger responses to stress, but the structural basis of their regulation remains unclear. Here, we show that a domain directly adjacent to the ASK1 kinase domain promotes activity of ASK1 on a key substrate and also orients an additional ASK1 domain nearby to suppress kinase activity. The structure of this regulatory domain appears to be shared by all ASK kinases and provides a versatile mechanism to control ASK activity in response to various stress stimuli.
to negatively regulate activity. Under conditions of redox stress, thioredoxin dissociates with and TRAF proteins associate with the region between the thioredoxin-binding domain and kinase domain, promoting ASK activation and kinase activity (19) . There is some debate about the exact role of thioredoxin in negatively regulating ASK1 activity, with reports that the ASK-thioredoxin association is either dependent on or independent of thioredoxin oxidoreductase activity and disulfide bonds (6, (29) (30) (31) .
Relatively little is known about the structural basis of ASK1 regulation, and thus previous studies necessarily have relied on prediction and deletion-based analysis. Although such approaches have identified various important regions for regulation of ASK proteins, the lack of atomic resolution data still confounds our understanding of how ASK proteins respond to diverse stimuli. For instance, very little is known about how thioredoxin or TRAF proteins actually might influence the recruitment of substrates to the ASK signalosome, or control the kinase activity of ASK1 on its substrate MAP2Ks. Here we present the first structure of a regulatory domain of ASK1, that of the central region that links the thioredoxin-binding and kinase domains of ASK1. This so-called "domain of unknown function" (PFAM domain DUF4071) corresponds to the region proposed to associate with TRAF proteins during ASK1 activation. The crystal structure reveals a surprisingly compact fold, with core features that are highly conserved in all human ASK proteins and in ASK orthologs throughout metazoans. Our biochemical and biophysical analyses reveal conserved residues that regulate ASK1 activity in both positive and negative manners, and show that the compact fold of the central regulatory region is crucial for bringing the thioredoxin-binding and kinase domains into close proximity and priming MAP2K substrates for (PDB ID code  3VN9) , with the αC helix in orange, the activation loop in blue, and buried phosphorylation target residues shown as spheres. (Right) A model of MKK6 based on PDB 3fme, which shows a markedly different αC-helix conformation and has a disordered activation loop. In this figure, the loop was modeled using MODELER (76) .
phosphorylation. This model provides a structural template on which to interpret various proposed mechanisms of ASK kinase regulation by different binding partners.
Results
The ASK1 Central Regulatory Region Promotes MKK6 Phosphorylation.
The N-terminal region of ASK1 has been proposed to interact with various partners to regulate ASK kinase activity (Fig. 1A) . To develop a quantitative system to analyze ASK1 activity, we used in vitro kinase assays and Phos-tag SDS/PAGE to compare the phosphorylation of kinase dead MKK6 by either the isolated ASK1 kinase domain or ASK1(88-941), which contains the N-terminal thioredoxin-binding domain, a central regulatory region, and the kinase domain (Fig. 1A) . In Phos-tag SDS/PAGE, phosphorylated proteins have reduced mobility compared with unphosphorylated protein, and thus can be readily visualized (32) . In this system, both the isolated ASK1 kinase domain and ASK1(88-941) were able to catalyze phosphorylation of MKK6, but activity of ASK1(88-941) was reduced by at least 10-fold (Fig. 1B) . This observation supports previous reports that the N-terminal region of ASK1 suppresses kinase activity (19) , and shows that a reconstituted in vitro system is a useful tool for detailed analysis of ASK1 regulation.
To gain greater insight into the role of the N-terminal portions of ASK1, we designed further constructs based on secondary structure prediction. These constructs encompassed residues 88-266 (the thioredoxin-binding domain) and residues 269-658 (the central regulatory region) (Fig. 1A) . Following expression in Escherichia coli and purification to homogeneity (Fig. S1A) , we tested how these additional domains affected ASK1 kinase activity in trans. In these experiments, MKK6 phosphorylation was monitored using Western blot analysis, because phospho-MKK6 comigrated with the central regulatory region on Phos-tag SDS/PAGE. Surprisingly, activity of the wild-type (WT) ASK1 kinase domain was greatly enhanced by the addition of 30 μM ASK1(269-658) ( Fig. 1 C and D) . We did not observe any equivalent enhancement or inhibition of MKK6 phosphorylation by the thioredoxin-binding domain of ASK1 when present in similar concentrations (Fig. 1E) .
Although these results are consistent with published experiments showing that ASK1 lacking the thioredoxin-binding domain is more active than full-length ASK1 in cells (19) , it has not previously been suggested that the central regulatory region is capable of stimulating ASK1 kinase activity in trans. In our simplified assay system, there are two potential mechanisms by which the central regulatory region could enhance MKK6 phosphorylation: allosterically activating the ASK1 kinase domain or priming the MKK6 substrate for phosphorylation. At concentrations of the central regulatory region up to 100-fold greater than ASK1 kinase (0.01 μM) but well below substrate MKK6 levels (3 μM), there was no significant rate enhancement (Fig. S2) . Such a dose response where excess levels of the ASK1 central regulatory region relative to the substrate, rather than active kinase, are required is most consistent with the idea that the central regulatory region acts by binding to the substrate, MKK6. Attempts to investigate activity of the central regulatory region and kinase domain in one polypeptide, without the thioredoxin-binding domain, were hampered by the fact that a construct comprising residues 269-941 was completely insoluble when expressed in E. coli.
The foregoing experiments demonstrate two interesting concepts. First, a region outside of the ASK1 kinase domain can associate with downstream substrate kinases, thereby acting as a scaffold for substrate recruitment. Second, because rate enhancement occurs when the kinase and central regulatory region are on separate polypeptides, the central regulatory region actively promotes a state of MKK6 that is primed for phosphorylation. In offering an explanation of how this might occur, we surveyed the available structures of MKK6. The three available crystal structures exhibit three different conformations of the activation loop, and movement of up to 18 Å in the N-terminal end of the αC helix, indicating that it is relatively flexible (Fig. S1B) . Two of these structures contain phosphomimetic mutations (PDB ID codes 3FME and 3ENM), but the structure of unphosphorylated MKK6 (PDB ID code 3VN9) shows that the phosphorylation target residues in the activation loop (Ser207/Thr211) are buried, and that the activation loop is stabilized by the αC-helix (Fig. 1F) (33) .
Structures of MKK6 bearing phosphomimetic activation loop mutations exhibit notably different positions in the αC-helix (34) (PDB ID code 3FME), which lead to different conformations of the activation loop (Fig. S1B) . Thus, we propose that by maneuvering the αC-helix, it is plausible that ASK1(269-658) could manipulate access to the phosphorylation target residues and thereby "prime" MKK6 for phosphorylation (Fig. 1F ). This concept provides another layer of complexity to the thoroughly investigated kinetics of MKK6 dual phosphorylation by ASK1 (35, 36) , and raises the question of how the central regulatory region plays such an active scaffolding role.
Structure of the Central Regulatory Region of ASK1. To gain insight into how the central regulatory region might prime MKK6 for phosphorylation, we expressed and purified human ASK1 residues 269-658 from E. coli, crystallized it, and solved its crystal structure to a resolution of 2.1 Å ( Fig. 2A and Table 1 ). The final structure contains two molecules in the asymmetric unit, which are essentially identical and share an rmsd of 0.04 Å. Given the various reports of multimerization in ASK1 regulation, we also tested whether any of the crystal contacts that we observed could play Table 2 ). The overall structure of ASK1(269-658) encompasses an extended series of 14 helices, which form seven tetratricopeptide repeats (TPRs), followed by a pleckstrin homology domain that had not previously been predicted within ASK1 ( Fig. 2A) . To the best of our knowledge, the overall compact arrangement of TPRs capped by a pleckstrin homology domain has no close matches to previously solved structures. In contrast to the extended arrangements observed in many TPR proteins (37) , the ASK1 TPR region progressively folds back on itself and forms a compact arrangement, with a close physical association between residues from helices that are significantly separated in sequence. Such a stable globular arrangement is supported by SAXS analyses showing that the ASK1(269-658) monomer crystal structure is highly representative of its solution behavior, with excellent agreement between the theoretical scatter pattern calculated from the crystal structure coordinates and the experimental scattering data of (χ = 0.379) ( Fig. 2C and Table 2 ). Close interactions between residues that are well separated in sequence are centered around the first helix of TPR 7 (residues 508-524), which makes contact with constituent residues from helices of TPRs 2-7.
Although sequence-based predictions and experimental evidence have implicated an N-terminal coiled-coil (NCC) region as responsible for mediating interactions at the N terminus of ASK, we observed a surprisingly compact protein. Crucially, the crystallized ASK1 construct contains the predicted NCC region (residues 297-324) (19) . The structure shows that residues 297-324 reside stably within TPRs 1 and 2, forming numerous interactions with surrounding TPR helices. Thus, although it is clearly important for ASK1 structure, the NCC is more accurately described as an integral part of the TPR domain and seems unlikely to directly mediate conventional coiled-coil type oligomerization.
The pleckstrin homology domain of ASK1 adopts the typical form of two antiparallel β-sheets followed by a C-terminal amphipathic helix, but lacks the tryptophan found within the terminal helix of most conventional pleckstrin homology domains (38) . It is not uncommon for widely disparate sequences to produce the pleckstrin homology fold, and in ASK1 the lack of a locking tryptophan residue (which is Phe646 in ASK1) may explain why it had not been recognized previously. The interface between the base of the pleckstrin homology domain and the TPR region is highly hydrophobic and forms an extensive network of interactions with helices 12 and 14 from TPRs 6 and 7 (Fig. S3) . The complementarity of these interactions, in conjunction with scattering data described above, suggests that the intimate association between the TPRs and pleckstrin homology domain of ASK1 is the stable form of ASK1 in solution. In line with this idea, attempts to express the isolated ASK1 pleckstrin homology domain in the absence of the TPR region yielded completely insoluble protein, in contrast to the solubility and stability of ASK1(269-658).
ASK1 Has a Cryptic Pleckstrin Homology Domain That Promotes
Substrate Phosphorylation. The yeast MAPK scaffolding protein Ste5 contains a pleckstrin homology domain that has been previously proposed to bind phospholipids, and is crucial for protecting the yeast MAPK pathway from inappropriate activation and localizing the activated scaffold to the plasma membrane (39, 40) . Interestingly, neither the ASK1 pleckstrin homology domain nor a model of the equivalent region of ASK2 has a surface patch of increased positive charge, as is observed in bona fide phosphoinositide-binding pleckstrin homology domains, such as that from phospholipase C (Fig. 3A) . In fact, the ASK1 pleckstrin homology cavity is notably negatively charged, as is the equivalent region of a homology model generated for the ASK2 pleckstrin homology domain. This is in line with genome-wide analysis in yeast showing that the majority of pleckstrin homology domains do not bind lipid head groups (41) , and since their discovery, pleckstrin homology domains have been ascribed diverse roles in mediating protein-protein interactions (38) .
To identify a function for the ASK1 pleckstrin homology domain beyond phospholipid binding, we mapped the conservation of sequences from ASK1, ASK2, and ASK3 from diverse mammalian species, as well as sequences from dASK1 (Drosophila melanogaster) and NSY1 (Caenorhabditis elegans), onto the crystal structure of ASK1(269-658) ( Fig. 3B and Fig. S4 ). This analysis uncovered two regions of high conservation within the central regulatory region of ASK1: residues at the core of the ASK1 closed TPR repeat region that folds back on itself, and a clear enrichment of conserved residues on the face of the ASK1 pleckstrin homology domain formed by β5-β7. The reverse side of the protein shows relatively little conservation (Fig. 3B) .
At the heart of the β5-β7 pleckstrin homology surface lie Phe623 from β6 and Asp632 from β7, which are invariant across the ASK homologs analyzed (Fig. 3B and Fig. S4 ). To experimentally verify the importance of these conserved residues, we created mutants in the ASK1(88-941) construct (Phe623Glu and Asp632Arg; Fig. S1C ) and analyzed their ability to phosphorylate MKK6 using Phos-tag kinase assays. We hypothesized that if the conserved surface is important for autoinhibition (as observed in Fig. 1B) , then the activity of mutants should be increased, whereas if the surface is important for priming MKK6 (Fig. 1C) , then the Phe623Glu and Asp632Arg mutants should show decreased activity. Both mutants had markedly lower initial rates of MKK6 phosphorylation ( Fig. 3 C and D) , clearly supporting the hypothesis that the conserved pleckstrin homology surface plays an important positive role in facilitating MAP2K phosphorylation by ASK1. The position of the ASK1 pleckstrin homology domain directly adjacent to the kinase domain makes it an ideal location for transient docking of MAP2Ks for both localization and priming of the activation loop for phosphorylation. Having established that the conserved pleckstrin homology surface is important for ASK1 activity on downstream substrates, we next sought to understand how the remainder of the conserved closed TPR facilitates signal control and reduced activity of ASK1(88-941) relative to the isolated kinase domain.
Closed TPR Interactions Facilitate ASK Kinase Regulation. In the compact arrangement of the central regulatory region, its N and C termini are separated by only ∼50 Å (Fig. 2A) . Based on previous reports showing that deleting the thioredoxin-binding domain leads to more active full-length ASK1, we hypothesized that a major role of the central regulatory region is to bring the thioredoxin-binding domain into close proximity to the kinase domain to inhibit its activity. Other possible effects of such an interaction may be to protect the β5-β7 pleckstrin homology surface and impede MAP2K recruitment and priming (Fig. 1) .
As described above, stabilizing interactions within the TPR region are centered around the first helix of TPR 7 (helix 13, residues 508-524), which makes contacts across the TPR fold. The most long-range of these contacts involve π-cation stacking between Trp509 from helix 13 and Arg322 in TPR 2 (Fig. 4A) . Trp509 is also one of the most conserved residues across the sequence logo of diverse occurrences of DUF4071 in PFAM. To investigate the importance of the closed TPR interactions, we designed two mutants, one substituting Trp509 with glutamate and the other replacing Arg395 with glutamate. These mutants serve two different purposes. Trp509Glu could reasonably be expected to form a salt bridge with Arg322 and maintain the overall TPR architecture, but to disrupt ASK1 function if the closed TPR interaction is mobile and Trp509 takes on a different conformation in an active signaling form. Arg395Glu was designed as a disruptive mutant to destabilize the compact closed TPR structure. Analyzing both the time course and initial rates of MKK6 phosphorylation by these ASK1 variants showed that disruption of the closed TPR by Arg395Glu markedly reduced ASK1 activity, whereas Trp509Glu was indistinguishable from WT protein (Fig. 4 B and C) . Based on these findings, we conclude that the closed TPR must remain intact to allow the full activity of ASK1(88-941).
Trp476 is another notable residue conserved within the ASK1 central domain. Trp476 is one of three invariant residues over the consensus definition of DUF4071, along with Trp509, and Trp542 (which is buried at the interface between the TPR region and the pleckstrin homology domain). In contrast to the latter two residues, which play clear roles in stabilizing the structure, Trp476 is unusually surface-exposed. It is located at the N-terminal end of TPR helix 11 (residues 475-488) and faces toward the center of the closed TPR region. To ascertain a function of Trp476, we mutated the residue to serine in the context of ASK1 (88-941) . Surprisingly, ASK1 W476S phosphorylated MKK6 more effectively than WT ASK1, with a roughly twofold higher initial rate (Fig. 4) . This finding is consistent with Trp476 playing a role in stabilizing autoinhibitory interactions that suppress the activity of the kinase domain.
Interacting closed TPR residues (displayed in Fig. 4A ) are remarkably well conserved among ASK-type kinases (Fig. S4) . Namely, kinases including human ASK1, ASK2, and ASK3; Drosophila ASK1 and NSY1; and the C. elegans ASK homolog all maintain residues that mediate long-range TPR interactions, *q is the magnitude of the scattering vector, which is related to the scattering angle (2θ) and the wavelength (λ) as follows: q = (4π/λ)sinθ.
suggesting that this compact fold and function are highly conserved. Overall, these results, along with previous studies showing that deletion of residues 297-324 (the NCC) disrupts ASK1 regulation, show that the integrity of the TPR region is important for both function and regulation of ASK1 signaling. Whereas conformational changes cannot be discounted, it appears that a major role of the central closed TPR of ASK1 is to bring the kinase domain into relative proximity of the N-terminal (thioredoxin-binding) regulatory domain to mediate the regulation of kinase activity.
Architecture of the ASK Autoregulatory Scaffold in Solution. To investigate how the architecture of the thioredoxin-binding and central regions of ASK1 may facilitate signal regulation, we turned to SAXS analysis, first analyzing the ASK1 N-terminal regulatory region ASK1(88-658) alone (Table 2 ). Guinier analysis showed that the sample was monodispersed, and under the reducing SEC-SAXS conditions when optimal data were collected, we found no evidence of the dimerization previously shown to occur through the NCC region of ASK1. Because the structure of the N-terminal thioredoxin-binding domain has not been solved, we used the Robetta server to generate a homology model of ASK1(89-266), which predicted a globular fold based around an α-β sandwich (Fig. S5) (42) . Because our earlier SAXS analysis of the central regulatory region alone showed a stable fold and limited flexibility, when analyzing scattering data, we treated residues 89-266 and 272-654 as two separate rigid bodies. Using BUNCH (43), we generated a model for ASK1(88-658) that provided an excellent fit to the scattering data (χ = 0.49) (Fig. 5 A and B, Table 2 , and Fig. S6A ). In this model, the ASK1 thioredoxin-binding domain sits adjacent to the N terminus of the central regulatory region, occupying a position toward the conserved face of the central regulatory region that contains both W476 and F623/D632 (Fig. 5B) .
We next collected scattering data for ASK1(88-941) under equivalent conditions to ASK1(88-658) (Fig. 5 C and D, Table 2 , and Fig. S6B) , and derived a model by incorporating the crystal structure of the isolated ASK1 kinase domain (PDB ID code 2CLQ) into rigid-body (BUNCH) analysis (44) . Again, the scattering data suggested a monomeric species, consistent with the elution profile of ASK1(88-941) when loaded onto size exclusion chromatography at a high concentration (Fig. S1D) . The model revealed a more compact arrangement of the thioredoxin-binding domain relative to the central regulatory region, with the thioredoxin-binding domain folding toward the conserved surface that contains W476, bringing it closer to both the pleckstrin homology and kinase domains (Fig. 5D) . We also collected scattering data from the mutant ASK1(88-941) W476S construct, which displayed elevated activity (Table 2 and Fig. S6 C-E) . Apart from a small reorientation of the kinase domain, the W476S model did not differ markedly from WT protein in its overall arrangement. Attempts to collect data from inhibitory mutants within the pleckstrin homology domain were hampered by protein instability at high concentrations.
The main conclusion that we draw from these solution studies is that ASK1(88-941) likely exists in dynamic continuum between an active open form and a closed conformation in which the thioredoxin-binding domain is in close proximity to the ASK kinase domain. Subtle changes (such as the W476S mutation) can alter the structural ensemble present in solution, but we are reticent to propose specific interdomain contacts, given that our modeling relies on a de novo model of the thioredoxin-binding domain. In the proposed model, the thioredoxin-binding domain is ideally placed to inhibit activity of the ASK kinase domain and impede access to the MKK6 activating surface of the ASK1 pleckstrin homology domain-in effect acting as a stimulus-responsive toggle to control ASK1 kinase activity and substrate recruitment and priming.
Discussion
Based on the results of our biochemical, biophysical, and structural experiments, we are now able to put forward a model to interpret the regulation of ASK proteins (Fig. 6) . The central regulatory region spans ∼400 residues between the thioredoxin-binding domain and the kinase domain. More importantly, it provides a platform for the recruitment and priming of MAP2K substrates, as well as a link that brings the N-terminal thioredoxin-binding domain and C-terminal kinase domains of ASK1 into proximity for autoinhibition. Although our experiments have focused on ASK1, functional residues also are highly conserved in ASK2 and ASK3, and from mammals to nematodes, and so this architecture is likely to be functionally conserved throughout ASK-type kinases.
The presence of adjacent pleckstrin homology and kinase domains is reminiscent of the domain architecture of AKT proteins. This similarity is only superficial, however, given that AKT pleckstrin homology domains are bona fide binders of phosphoinositides. Structures of near full-length AKT1 have revealed that its pleckstrin homology domain and kinase antagonize each other in a reciprocal manner-the pleckstrin homology domain forces the kinase into an inactive confirmation, and the kinase domain blocks the phospholipid binding site of the pleckstrin homology domain (45, 46) . Instead, it appears that the pleckstrin homology domain plays a positive role in ASK1 activity, closer to that of the pleckstrin homology domain within the yeast MAP kinase scaffold Ste5 (40) . Ste5 contains a predicted pleckstrin homology domain that has been shown to bind the MAP3K Ste11 and promote activation of the mating pathway (39) . In contrast to Ste5, ASK proteins already contain a MAP3K domain, and use their pleckstrin homology domain as a recruitment site for their primary substrate, MAP2Ks, thereby forming their own scaffold.
Whereas some scaffold proteins act passively by colocalizing participating active signaling proteins, other scaffolds play more active roles by activating or deactivating participating proteins to promote signal fidelity (47) . For instance, in mammals, KSR1/2 act as scaffolds in the RAF-MEK-ERK MAPK pathway and promote signaling by forming RAF-KSR pseudokinase heterodimers that activate RAF kinase activity (48, 49) . Directly relevant to our MKK6-ASK1 data, the yeast Ste5 scaffold contains a von Willebrand type A (VWA) domain that primes the Fus3 MAPK for phosphorylation by the MAP2K Ste7 (50) . We propose that the ASK pleckstrin homology domain plays a role analogous to that of the VWA domain of Ste5, promoting a conformation of MKK6 that is primed for phosphorylation. Beyond the aforementioned Ste5 from yeast, there have been few examples of substrate priming of MAP2Ks described in metazoan MAPK pathways. The diversity of the activation loop and αC helix conformations observed for various MAP2K proteins suggests that they may be particularly sensitive to such regulation (33, 34, (51) (52) (53) .
Previous work has shown the isolated ASK1 kinase domain is intrinsically active (35, 44) . Cell-based studies also have shown that ASK1 lacking the N-terminal thioredoxin-binding domain is more active than full-length protein (19) , suggesting that it plays an important role in suppressing ASK1 activity. Our experiments, which used recombinant proteins in the absence of other possible interactors, show the seemingly contradictory results that ASK1(88-941) is autoinhibited relative to the kinase domain alone, but that the central regulatory region promotes MKK6 phosphorylation in trans. Our point mutants surrounding the closed TPR also show an interesting dichotomy; disruption at the core of the closed TPR (R395) abrogates ASK1 activity, whereas mutation of the surfaceexposed W476, which presumably retains the overall structure of the central regulatory region, appears to disrupt autoinhibition. This suggests that the overall integrity of the central regulatory domain is important for activity, but also mediates autoinhibitory interactions. The results of the SAXS analysis presented here are entirely consistent with such a role, with the thioredoxin-binding domain well positioned to restrict access of MAP2K to the pleckstrin homology docking site and to suppress ASK1 activity. Our observation that the thioredoxin-binding domain does not markedly autoinhibit kinase activity in trans (Fig. 1E) reinforces the idea that the central regulatory domain is vital, but the exact structural basis of ASK1 kinase autoinhibition remains a key outstanding question. Similarly, it remains to be determined whether ASK1 priming is specific to MKK6 or occurs across all MAP2Ks that are substrates of ASK proteins.
The ASK1 kinase domain has been shown to form a relatively tight dimer (with a dissociation constant of ∼0.2 μM) (44), and it is possible that formation of a kinase domain dimer could represent the activated state of ASK proteins. ASK1(88-941) was monomeric in solution in our SAXS experiments, in contrast with previous reports regarding the isolated kinase domain (28, 44) , which may provide some insight into a potential activation mechanism. Our model do not preclude ASK kinase dimer formation, but the scattering data do suggest that it occurs less readily with longer proteins than the kinase domain. However, the presence of the C-erminal region of ASK1, which likely predisposes the protein to form oligomers, could enable kinase dimerization to predominate in the context of the full-length protein. In addition, 14-3-3 proteins bind adjacent to the kinase domain and can themselves form dimers (28) . Active kinase dimers also would be analogous to RAF MAP3Ks, which have been the topic of intense study in the ERK pathways (54) (55) (56) (57) . Our functional experiments are consistent with ASK1 regulation in either a monomer form or a dimer form. In this regard, one possibility is that MKK6 primed by one pleckstrin homology domain could be phosphorylated by an ASK kinase across the kinase dimer interface. There is a wealth of data suggesting that ASK1 functions as part of an oligomeric multiprotein complex, and our observation of autoregulatory scaffolding could be amplified or regulated in the presence of ASK1-3 oligomers. No doubt many intriguing questions remain to be addressed by future biochemical and structural studies investigating how ASK1-3 oligomerization affects kinase regulation.
The precise molecular basis for manipulation of the autoregulatory scaffold from ASK-type proteins by various partners is a clear avenue for future study. For instance, thioredoxin forms both covalent and noncovalent complexes with the thioredoxin-binding domain (6, 30) , either of which may be capable of interfering with the regulation of kinase activity in the context of the higher-order assembly known as the ASK signalosome. Cysteine residues that are essential for activation of ASK1 by reactive oxygen species are located very close to the linker between the central and thioredoxin-binding domains of ASK1 (31, 58) . It is easy to envisage that disulfide bond formation by these cysteines could restrict ASK1 dynamics in a conformation that favors MAP2K recruitment and activity. Furthermore, the central regulatory region is also essential for binding of TRAFs to ASK proteins (7, 10, 59) , which could disrupt the autoinhibitory arrangement between the ASK1 kinase and thioredoxin-binding domains.
In conclusion, the model provided here for autoregulatory scaffolding by ASK1 N-terminal regulatory domains is an enticing framework on which to interpret the various reported stimuli that control ASK1 activity. In addition, the role of substrate kinase priming in MAP kinase signaling has been underappreciated, and it will be intriguing to observe the prevalence of substrate priming for ASK-type kinases on different substrates, for other MAP3K-MAP2K phosphorylation events, or for MAP2K-MAPK activity. Further insight into each of these phenomena will allow a greater understanding of how ASK-type proteins become dysregulated in disease, as well as the fundamental regulation of kinase signaling networks.
Materials and Methods
Protein Expression and Purification. For biochemical studies and native crystallization, all proteins were expressed in E. coli BL21(DE3). incorporating an N-terminal 6×His tag and 3C protease cleavage site. ASK1(88-941) was cloned with the same N-terminal 6×His tag and 3C protease cleavage site, but also with an additional StrepII tag at its C terminus, and coexpressed with human thioredoxin-1 and lambda protein phosphatase. All mutants were generated using the QuikChange Mutagenesis Kit (Agilent). ASK1(269-658) and ASK1(88-658) were initially purified by Ni 2+ affinity chromatography and then purified to homogeneity after cleavage with 3C protease using anion-exchange chromatography (Resource Q) and size exclusion chromatography (Superdex 200 Increase column; GE Healthcare). Isolated proteins and complexes were flash-frozen for storage in 10 mM Hepes pH 7.6, 300 mM NaCl, and 2 mM DTT. Selenomethionine-labeled ASK1(269-658) was produced in the methionine auxotroph E. coli 834(DE3) using SelenoMet medium (Molecular Dimensions) according to the manufacturer's instructions. Purification proceeded as for native proteins.
ASK1(88-941) was purified by Ni 2+ affinity chromatography and cleaved overnight using 3C protease while dialyzing against a buffer consisting of 50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, and 2 mM DTT. Dialyzed protein was bound to Strep-Tactin high-capacity or Strep-TactinXT resin, washed with additional dialysis buffer, and eluted with 5 mM desthiobiotin (for Strep-Tactin high-capacity) or 5 mM D-Biotin (for Strep-TactinXT) diluted in dialysis buffer. Eluted proteins were then subsequently dialysed against 50 mM Tris pH 8.0, 150 mM NaCl. Samples for enzymatic assays were used directly, For SAXS analysis, eluted protein was further purified using size exclusion chromatography (Superdex 200 Increase 10/300).
Kinase dead MKK6 (MKK6 K82A) was purified as an N-terminal 6xHis tag and 3C protease cleavage and further purified by size-exclusion chromatography (Superdex 200 Increase 10/300).
Crystallization and Structure Solution. ASK1(269-658) was initially crystallized in 0.2 M sodium fluoride and 20% (wt/vol) PEG 3350. Poor initial diffraction was improved through seeding and additive screening, with final data collected from crystals grown in 0.1 M sodium fluoride and 10% (wt/vol) PEG 3350 and frozen with the addition of 20% (vol/vol) glycerol. The structure was solved by single-wavelength anomalous dispersion, using a 2.9-Å peak dataset created by merging data from two separate selenomethionine-labeled ASK1 crystals collected at 0.9793 Å. Thirteen of 14 possible selenium sites from two ASK1 molecules in the asymmetric unit were located using PhenixAutosol (60) . An initial backbone built by Buccaneer (61) was rebuilt manually. The model was further improved using ArpWarp and finally refined against native data to 2.1 Å using Refmac and the PDB_REDO web server, with cycles of manual rebuilding in Coot (62) (63) (64) (65) . Analysis of diffraction data by Phenix.Xtriage indicated a large (23% relative to origin) Patterson Peak consistent with the presence of translational pseudosymmetry, which contributed to marginally higher refinement statistics than may be expected at 2.1-Å resolution (R cryst /R free , 0.233/0.267). Nevertheless, the final model has excellent geometry and, aside from several disordered loops connecting TPR helices, is clearly defined in both molecules of the asymmetric unit. Structural figures were generated using UCSF Chimera (66) .
SAXS. SAXS data collection was performed at the Australian Synchrotron SAXS/WAXS beamline using an inline gel filtration chromatography setup (67), essentially as described previously (68) (69) (70) (71) . Summary statistics for data collection and analysis are reported in Table 2 . Here 50 μL of purified recombinant ASK1(269-658) at 7.7 mg/mL, ASK1(88-658) at 9.7 mg/mL, or ASK1(88-941) at 9.3 mg/mL (WT) or 11.5 mg/mL (W476S), were injected onto an inline Superdex 200 5/150 column (GE Healthcare) and eluted at a flow rate of 0.2 mL/min via a 1.5-mm glass capillary positioned in the X-ray beam in 500 mM NaCl, 10 mM Hepes (pH 7.5), 5% (vol/vol) glycerol, and 0.2 mM TCEP at 12°C. Coflow SAXS was used to minimize sample dilution and maximize signal to noise (72) .
Scattering data were collected in 2-s exposures over the course of the elution and 2D intensity plots with consistent scatter intensities from the peak of the sizing exclusion chromatography run were radially averaged, normalized to sample transmission, and background subtraction performed using Scatterbrain software (Stephen Mudie, Australian Synchrotron). Background scatter was assessed by averaging scattering profiles from earlier in the size exclusion chromatography run, before protein elution. Guinier analysis of each scatter pattern across the single elution peak showed consistent radius of gyration (R g ) values, and superimposable patterns were averaged. Four profiles for ASK1(269-658), eight profiles for ASK1(88-658), 21 profiles for ASK1(88-941), and four profiles for ASK1 (88-941) W476S were averaged and background-subtracted using Scatterbrain to generate the averaged scatter patterns presented in the manuscript. Guinier data analyses were performed using PRIMUS (73) . Indirect Fourier transform with GNOM (74) was used to obtain the distance distribution function, P(r), and the maximum dimension, D max , of the scattering particle. CRYSOL (75) was used to calculate theoretical scattering curves from crystal structure atomic coordinates and compare them with experimental scattering curves.
SEC-MALLS. SEC-MALLS was conducted using a Wyatt Dawn 8+ detector (Wyatt Technology) coupled to a Superdex 200 10/300 column (GE Healthcare) and a refractive index detector. Samples were run in 10 mM Hepes (pH 7.6), 500 mM NaCl, 5% (vol/vol) glycerol, and 0.2 mM TCEP and loaded at 2.2 mg/mL. All data were analyzed using ASTRA V software.
Kinase Assays. Each kinase assay was carried out at room temperature with final concentrations of 25 mM Hepes pH 7.6, 20 mM MgCl 2 , 2 mM DTT, 100 mM NaCl, and 3 μM kinase dead MKK6, along with 0.01-1 μM kinase and 0.01-30 μM ASK1 regulatory domains and 50 μM ATP. Assays were set up as master mixes containing all components except kinase and ATP, to ensure equal substrate addition to all reactions. For kinase assays, including separate ASK1 regulatory domains, ASK1 kinases was added to the master mix. The master mix was then aliquoted into eight-well PCR strip tubes to facilitate the use of a multichannel pipette and simultaneous addition and removal of samples. ASK1 kinases and regulatory domains were diluted in serial dilutions. The reactions were started by the addition of ATP. At each time point, an aliquot from each tube was removed in parallel, and the reaction was terminated by immediate mixing into 4× Laemmli sample buffer [240 mM Tris pH 6.8, 32% (vol/vol) glycerol, 8% (wt/vol) SDS, and 0.02% (wt/vol) bromophenol blue]. Samples were briefly spun down and stored at −20°C until downstream analysis.
For analysis by Phos-tag gels, 15-well, 1-mm-thick Phos-tag analysis gels were hand-poured to contain final concentration of 20 μM Phos-tag, 100 μM MnCl 2 , and 10% (wt/vol) polyacrylamide. Gels were run as conventional SDS/ PAGE gels. Total protein was visualized with Coomassie brilliant blue and imaged with an Odyssey Fc imaging system (LI-COR) in the 700 channel. Quantitation was performed by measuring the intensity of both phosphorylated and unphosphorylated MKK6 bands. The intensity of phosphorylated bands was expressed as a fraction of total intensity, and converted to an absolute concentration by multiplying the fraction of phosphorylated species by the 3 μM total concentration of MKK6 in all assays. Using mass spectrometry, we confirmed that phosphorylation of MKK6 followed the precisely ordered phosphorylation events established by Humphreys et al. (35) , with the more rapidly appearing band on Phos-tag SDS/PAGE corresponding to Thr211 of MKK6 (Figs. 3 and 4) .
For analysis by Western blot, samples were run in a conventional manner and transferred by a semidry method to 0.45 μm nitrocellulose (GE Healthcare). Total protein transferred to membrane was visualized by staining membrane in 0.5% (wt/vol) Ponceau S solution for 5 min at room temperature. Excess Ponceau S was removed by rinsing in distilled water. Ponceau S-stained blots were imaged using the Odyssey Fc imaging system in the 800 channel. After imaging, blots were rinsed further before blocking in 5% (wt/vol) BSA in Tris-buffered saline (TBS) for 1 h at room temperature. Blots were then incubated with rabbit polyclonal [p-MKK3/6 (Ser187), sc-7994-R; Santa Cruz Biotechnology], diluted 1/2,500 in TBST with 1% (wt/vol) BSA and allowed to bind overnight at 4°C. Blots were then washed three times for 5 min each in TBST before incubation with secondary antibody (goat anti-rabbit IRdye 680LT; LI-COR) diluted 1/20,000 in TBST with 1% (wt/vol) BSA. The secondary antibody was allowed to bind for 1 h at room temperature before being washed another three times in TBST. Blots were developed in the Odyssey Fc imaging system. Quantification of blots and Phos-tag gels was performed using ImageStudioLite (LI-COR).
